Abstract. We have measured radiative lifetimes of ten Th II levels by using the laser-induced fluorescence technique and branching fractions with Fourier transform spectroscopy. By combining the new branching fractions with a total of 23 lifetimes, from the present work and from measurements by Simonsen et al. (1988), absolute oscillator strengths for 180 lines have been derived. Some of these new f -values reported are relevant for radioactive dating of stars.
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Introduction
One way of estimating the age of the Galaxy is radioactive dating of stars. The idea of such a cosmochronometer is to compare the change with time of the abundance ratio of a radioactive element and a stable element. The present ratio derived from the star's spectrum is compared with the abundance ratio at the formation of the star, predicted from a model. In a recent paper, Cayrel et al. (2001) report the age of a metal deficient star as determined with a uranium-thorium cosmochronometer. The radioactive thorium and uranium isotopes present in the star have half-lifes of 14 Gyr and 4.5 Gyr, respectively. A major part of the uncertainty of the age derived for the star is associated with the oscillator strengths of Th II and U II lines, used in the abundance determinations. This paper deals with f -value data for Th II, which has the ground configuration 6d 2 ( 3 F)7s. The lowest excited configurations are 5f( 2 F)7s 2 and 5f6d( 3 H)7s. Oscillator strengths in Th II have been reported by Corliss & Bozman (1962) , who measured relative line intensities in an arc spectrum. Corliss (1979) renormalized the intensities using the radiative lifetime of one level measured by Andersen & Petkov (1975) . Later Palmer & Engelman (1983) measured relative intensities and accurate wavelengths from a hollow cathode (HC) discharge and normalized the intensities to the gf -values of Corliss & Bozman (1962) by assuming local thermodynamic equilibrium (LTE) in the light source. Simonsen et al. (1988) Send offprint requests to: H. Nilsson, e-mail: hampus.nilsson@astro.lu.se measured lifetimes for 18 levels in Th II and compared with lifetimes that can be derived from the data presented by Palmer & Engelman (1983) . This comparison led Simonsen et al. (1988) to give a formula, which adjusts the gf -values of Corliss (1979) . This adjustment results, however, in an inconsistency: The upper limit of the gfvalue of λ 4019.1 is 0.63 (BF = 1) based on the measured lifetime, whereas the formula gives an adjusted gf -value of 0.79.
In the present paper we present gf -values for 180 Th II lines in the wavelength region 3100-12 600Å, derived by combining new measurements of both branching fractions (BF s) and radiative lifetimes. For 13 levels we have used the lifetimes measured by Simonsen et al. (1988) . The line identifications are taken from the term analysis by Palmer & Engleman (1983) .
Experiment

Lifetime measurements
In the present investigation radiative lifetimes of ten levels in Th II were measured using the laser-inducedfluorescence (LIF) technique. A plasma of thorium ions was created by irradiating a thorium target with laser pulses. The measurements were performed close to the target during the expansion of the plasma, in which lowlying metastable levels were populated. The ions were selectively photo-excited to the level under investigation by the light from a pulsed laser system. A Nd:YAG laser pumped a tuneable dye laser, working on a red dye. a Notation according to Blaise & Wyart (1992 The dye laser light was shifted to the desired wavelengths in near UV and deep blue using a frequency-doubling crystal and Raman shifting in a hydrogen cell. Fluorescence light released at the decay of the excited levels was captured using a fast detection system. For levels with short lifetimes the temporal shape of the laser pulse was also recorded, and the lifetime values were evaluated by fitting a convolution of the recorded pulse and an exponential to the fluorescence signal. The experimental set-up is described in detail by Li et al. (2000) . For elements having level and line rich spectra selectivity in both excitation and detection is especially important. The band width of the laser light utilized in the present investigation was about 0.1Å, and the fluorescent light was selected by a monochromator. After setting the laser to the excitation wavelength for a level and observing fluorescence at an expected wavelength, a further test of proper level identification was made by tuning the monochromator to a different decay channel. The lines used for excitation and recording of decay curves are given in Table 1 together with the lifetime values. The excitation wavelengths were taken from Palmer & Engleman (1983) . The advantage with a laser produced plasma as ion source is the high ion density, fairly high population in metastable levels and the presence of high ionization stages. A major drawback is the high speed of the created ions, which for singly ionized thorium is in the range 10 3 -10 4 m s −1 . It sets an upper limit for the lifetime that can be measured due to flight-out-of-view effects (Sikström et al. 2001) .
Possible systematic errors due to flight-out-of-view effects were checked by changing the position of the detecting monochromator slit. Another test was to make lifetime recordings for different delays between the ablation laser pulse and the excitation laser pulse, i.e. to perform measurements on ions with different velocities. Our uncertainties are to equal parts given by statistical scattering between different recordings and possible systematic effects.
Five of the levels now studied were included in the beam-laser work of Simonsen et al. (1988) . As can be seen in Table 1 (1988) . We measured the lifetimes of both these levels and found the lifetime of 28 720 level to be slightly shorter (12.5 ns) than the value (15.3 ns) reported by Simonsen et al. (1988) , and the lifetime of the 29 720 level to be about 70 ns. Our conclusion is that Simonsen et al. (1988) measured the lifetime of the level at 28 720.835 cm −1 , and that the deviation from our value might be due to limitations in their measurements.
Branching fractions
Line intensities have been measured in HC spectra between 2500 and 7000Å recorded with a Chelsea Instrument FT500 vacuum ultraviolet Fourier transform spectrometer (FTS). The cathode is a 3 cm long cylinder of iron with an inner diameter of 0.5 cm, and the inner wall is covered with a thorium foil. Spectra were recorded at discharge currents between 0.1 and 0.6 A using argon as a carrier gas at a pressure of 0.7 Torr.
The intensities of lines above 7000Å were obtained from spectra recorded with the FTS at Kitt Peak National Observatory (Palmer & Engleman 1983) .
In order to get absolute intensities the spectra had to be corrected for the instrument response. This was done with a tungsten ribbon lamp with known spectral distribution (4100-7000Å) and Ar II lines with known branching ratios (BR) (2500-5300Å) (Whaling et al. 1993) . For some Th II levels spectra from different recordings had to be combined, and that produces larger uncertainties in the calibration. The uncertainty of the tungsten lamp calibration data is 3%, and the recorded spectrum from the lamp is reproducible within 5%. The uncertainty in the calibration with known BRs of argon is estimated to 10%, and the uncertainty caused by the combination of different spectral regions is estimated to 10%. The spectra from Kitt Peak were intensity calibrated with a tungsten lamp and an argon mini-arc. Palmer & Engleman (1983) claim an uncertainty of 5% in the calibration between 4000-13 500Å, and 10% when combining different spectral regions.
Strong lines involving the ground state are potentially affected by self absorbtion (SA). In order to check for this effect, the intensity ratio between different lines from the same upper level is plotted against the discharge current through the HC lamp. This is illustrated in Fig. 1 , where the intensity relation between three lines coming from the Th II level at 24 873.893 cm −1 is plotted. Two of the lines are weak, BF = 0.03 and 0.01, respectively, while the third line is strong and involves the ground state. The strong line is clearly affected by SA, since the ratio between this line and the two weaker ones decreases at higher currents, while the ratio between the two weak lines is independent of the current. We adopted the ratio obtained by linear extrapolation to zero current.
Oscillator strengths
By combining the radiative lifetime (τ ) and BF s one can derive transition probabilities (A-values) for lines from a particular level through the relation
A-values can be converted to oscillator strengths or gfvalues by
where λ is inÅ, A is in s −1 , and g u and g l are the statistical weights for the upper and lower levels, respectively. The measured BF s, gf and log gf -values of the lines are reported in Table 2 . Our log gf -values are also compared with the values of Corliss & Bozman (1962) and Corliss (1979) . The total uncertainties in the gf -values reported in Table 2 are derived according to the method suggested by Sikström et al. (2001) . The included contributions to the uncertainty come from: the intensity measurements, the intensity calibration, combining different Corliss (1979) . c Values reported by Corliss & Bozman (1962) . d Indicates that the line intensity is taken from Palmer & Engleman (1983) .
spectral regions, the self absorption correction and the lifetime measurements. The uncertainty introduced by the fact that not all decay channels of a level can be observed (either because they are too weak or because they fall outside the covered wavelength interval), is not included but we have considered the residual BF due to such lines. Calculations with the Cowan code (Cowan 1981) were performed of the even configurations 6d 2 7s, 6d7s 2 , 6d 3 , 5f 2 7s, 5f7s7p and 5f 2 6d, and the odd configurations 5f7s 2 , 5f6d7s, 5f6d 2 , 6d7s7p and 6d 2 7p. In these calculations no significant lines were predicted to fall outside the wavelength interval covered in the measurements. The residuals are therefore assumed to consist of lines too weak to be measured in the spectra. Since the branching ratio of the weakest lines measured is less than 1%, the residual BF contains lines weaker than this. The total residual BF is estimated to be small for levels with short lifetime. Table 3 is a finding list including all log gf -values reported in this paper sorted by wavelength.
Conclusion
In order to improve the quality of the atomic data used in cosmochronometers we have measured absolute oscillator strengths for 180 Th II lines by combining experimental values of branching fractions and radiative lifetimes. The f -values obtained by this method can be used for a detailed abundance analysis of thorium in high-resolution spectra of stars enriched in heavy elements. The data will be applied to the metal poor star CS 31082-001, for which an age has been determined by using U II and Th II lines (Cayrel et al. 2001) . The presence of thorium in this star is illustrated in Fig. 2 . The stellar spectrum was obtained at the European Southern Observatory in Chile with the VLT telescope and UVES spectrograph. The resolving power is 70 000 and the signal to noise ratio is 150 at 3859Å and 250 at 6000Å.
With the present Th II data and simultaneously measured data for U II it is now possible to make an improved determination of the age and decrease the uncertainty. for preparing Fig. 2 and Prof. U. Litzén for his advice and assistance concerning the branching fraction measurements.
